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Activation of methane is a long-standing goal of catalysis, due to its potential industrial utility as an inexpensive hydrocarbon feedstock, and is of interest as the most fundamental C-H bond activation reaction. [1] The observation that several gas-phase third-row transition metal cations M + efficiently dehydrogenate methane at room temperature [2] M + + CH 4 ! MCH 2 + + H 2 has led to extensive gas-phase studies of reactions of metal atoms, ions and clusters with methane.
[See [1] [2] [3] and references therein]
These studies provide valuable information regarding reaction mechanisms, the energetics and structures of intermediates and of critical barriers. These results inform the choice of metal, cluster size, support and ligand properties in a potential catalyst. In addition, they serve as a benchmark against which the accuracy of computational studies can be assessed. Due to its importance as an industrial catalyst, reactions of Pt and Pt + with methane have received particular attention. At thermal energies, Pt + reacts at ~50%
of the collision rate, producing PtCH 2 + . [2, 3c, 4] Guided ion beam (GIB) experiments have measured the overall exothermicity of the reaction, as well as the stability of the [H-Pt-CH 3 ] + insertion intermediate. [5] Neutral metal atoms are much less reactive than the cations. This has been attributed to the absence of long-range ioninduced dipole attraction, and the lack of low-lying reactive (lowspin d n or d n-1 s) electronic states. Carroll et al. find that platinum is unique in activating methane at thermal energies. [6] Campbell confirms the reactivity of Pt, at ~3% of the collision rate. [7] These kinetics studies monitor Pt via laser-induced fluorescence, but do not observe products. has surprisingly little effect on the potential energy surface for this most fundamental C-H activation reaction. The laser ablation experiments are performed using tunable VUV light accessed at a synchrotron (Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory). The molecules of interest are produced using a pulsed laser ablation source [8] and ionized using tunable VUV light. The resulting ions are extracted into a reflectron time-of-flight mass spectrometer and tallied using a fast counter. Photoionization efficiency curves (PIE) are measured by integrating the area under the photo-ion of interest and normalizing to ALS current and VUV flux. Further details are available in the Supporting Information. Figure 1 shows the PIE of PtCH 2 and H-Pt-CH 3 near the ionization onset. The figures also show simulated PIE spectra. They are calculated by computing the geometries and vibrations of the neutral and cation, and calculating Franck-Condon factors for each vibration. The products of the Franck-Condon factors are then integrated and convolved with the 25 meV VUV Gaussian linewidth to generate the PIE spectrum. [9] The electronic structure calculations are described in more detail below. For these two molecules, there is little geometry change upon ionization, leading to a sharp onset in the PIE. The ionization energy is determined by shifting the energy origin of the simulation until it provides the best match to the PIE spectrum. This procedure determines the ionization energy of 4 would interact much more strongly with Pt + than it does with neutral Pt, due to the strong ion-induced dipole force. This would lead to an ionization energy of Pt(CH 4 ) at least 0.5 eV lower than that of Pt. In addition, the large change in geometry between the neutral and cation entrance channel complexes would lead to a very gradual onset in the PIE. Furthermore, the calculations predict that there is no barrier to Pt 2 insertion into the C-H bond in methane, so there is no stable entrance channel complex. Bond dissociation energies for neutral, platinum-containing molecules are calculated by combining our ionization energies with the bond dissociation energies measured in the GIB experiments of Zhang et al. [5] for the corresponding cations. This can then be used to calculate the energetics of dehydrogenation of methane by the platinum atom. Formation of CH 2 + H 2 from CH 4 is endoergic by 454.7 ± 2.5 kJ mol -1 . [5] excited state. [10] Although they did not calculate the energy of the singlet-triplet crossing, an earlier calculation predicts it to occur at an energy of 5 kJ mol -1 . [6] Second order spin-orbit coupling causes these two states to interact and repel. We carried out electronic structure calculations which include this effect using spin-orbit density functional theory (SODFT) [11] in the NWChem [12] electronic structure package. Structures and vibrational frequencies of intermediates and transition states are in Supporting Information. Figure 2 shows a potential energy surface for the Pt + CH 4 reaction calculated using SODFT. Also, the dashed lines show the result of conventional B3LYP calculations, without spin-orbit coupling. Approach of the ground ( 3 D, d 9 s 1 ) state of Pt to methane leads to a weakly bound entrance channel complex. C-H bond insertion by triplet Pt involves a substantial barrier, agreeing with previous calculations. [6, 10] In contrast, insertion of the lowest singlet state ( 1 S, d 10 ) of Pt into the C-H bond is barrierless. After the tripletsinglet crossing, the minimum energy path for the reaction occurs exclusively on the singlet surface. The SODFT calculations show that the spin-orbit interaction between the triplet and singlet pathways in the entrance channel is so strong that there is no barrier to insertion of platinum into the C-H bond. A comparison of the SODFT results with conventional B3LYP calculations with the same basis set gives very similar results for the relative energies of H-Pt-CH 3 , the later intermediates, and the products (all of which are singlets). The two calculations differ significantly, however, in the energies of the reactants and entrance channel complex. This agrees with the assertion by Carroll et al. [6] that spin-orbit effects are most significant for the bare atom and non-covalent complexes and that they are largely quenched by 3 formation of covalent bonds. In addition, the previous calculations [6, 10, 14] predicted intermediates, transition states and products that are at least 20 kJ mol -1 less stable relative to reactants than our calculations. This is primarily due to our use of the larger, more flexible aug-cc-pVTZ-PP basis set for Pt [15] and, to a lesser extent, to including spin-orbit effects. The kinetics of the reactions of neutral and cationic platinum atoms with methane are quite different. At 300 K, reaction of the neutral is quite inefficient, with an observed bimolecular rate that corresponds to 3% of the collision rate. This has been interpreted as being due to formation and efficient termolecular stabilization of the H-Pt-CH 3 intermediate, with negligible formation of bimolecular products PtCH 2 + H 2 . This view was partly due to calculations done in conjunction with the kinetics study which predicted that conversion of H-Pt-CH 3 to the (H 2 )PtCH 2 exit channel complex involves a 129 kJ mol -1 barrier, as it occurs via a concerted pathway involving a four-center intermediate. [6] The kinetics results were thus interpreted as being solely due to the termolecular pathway, operating near the high pressure limit. In contrast, the Pt + cation, under single-collision conditions and at 300 K, reacts with CH 4 at 80% of the collision rate, forming PtCH 2 + + H 2 .
[4c] In the presence of buffer gas, the insertion intermediate is also observed. [5] The kinetics studies [6] concluded that charge matters: the attractive ioninduced dipole interaction stabilizes all adducts relative to reactants. This lowers the energies of intermediates and reduces barriers, facilitating the reaction. Our study turns the aforementioned conclusion on its head. For activation of methane by platinum, charge matters very little! The mechanisms and energetics of the reactions of Pt and Pt + [5] with methane are very similar. In both cases insertion of the metal into the C-H bond is barrierless, and leads to insertion intermediates with high, and very similar, stabilities. Subsequent hydrogen transfer from the methyl group to the metal is sequential, with calculated barriers which lie below the energy of the dehydrogenation products. 
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Does Charge Matter? Direct VUV measurement of ionization energies reveals that C-H insertion by Pt to form H-Pt-CH3 is highly exoergic, while production of PtCH2 + H2 is slightly endoergic. Experiments and SODFT calculations reveal surprisingly similar energetics.for dehydrogenation of methane by neutral and cationic platinum. Laser ablation of a platinum tube produces platinum atoms that then react with methane gas from a pulsed piezoelectric valve at 200 kPa backing pressure. The Nd:YAG ablation laser operates at a repetition rate of 50 Hz and can produce up to 8 mJ/pulse at 532 nm. High laser power favors production of PtC, observed in our previous study, [1] while production of PtCH 2 and H-Pt-CH 3 is optimum at 3 mJ/pulse. The molecules cool Figure S1 shows a mass spectrum obtained by ablating platinum in are not formed. So, subsequent experiments employed CH 4 , and the 195 Pt-containing peak was typically monitored, as it is uniquely present in all odd mass peaks (see Fig. S2 for a mass spectrum).
It is important to find a peak that is not contaminated by isobaric interferences. Electronic structure calculations were carried out with the NWChem [2] electronic structure package using spin-orbit density functional theory (SODFT) [3] with the B3LYP hybrid density functional. SODFT is a two-component approximation to the relativistic Dirac equations, which, when used in conjunction with relativistic effective core potentials, accurately reproduces properties which depend on the valence electrons, such as geometries and bond strengths, with far less computational effort than a full, allelectron relativistic calculation. [3] [4] The aug-cc-pVTZ-PP relativistic effective core potential, basis set and spin-orbit parameters [5] was used for platinum. The aug-cc-pVTZ basis set was used for carbon and hydrogen. Harmonic frequencies were calculated at each stationary point to ensure that it is a minimum or transition state. All reported energies include the zero-point contribution, using unscaled harmonic frequencies. Basis set superposition error (BSSE) was estimated for (H 2 )PtCH 2 using the counterpoise method. It amounted to <1 kJ/mol, and thus was not included in the reported results.
Initial calculations used the SDD basis and effective core potential for Pt. To improve the flexibility of the basis set, additional valence and polarization functions were added. This addition consistently increased the stability of the intermediates and products relative to reactants. Thus, for example, insertion of Pt into methane is 
